Recent evidence indicated that the ZNF804A (rs1344706) risk allele A is associated with better cognitive performance in patients with schizophrenia. Moreover, it has been demonstrated that ZNF804A may also be related to relatively intact gray matter volume in patients. To further explore these putatively protective effects, the impact of ZNF804A on cortical thickness and folding was examined in this study. To elucidate potential molecular mechanisms, an allelic-specific gene expression study was also carried out. Magnetic resonance imaging cortical thickness and folding were computed in 55 genotyped patients with schizophrenia and 40 healthy controls. Homozygous risk allele carriers (AA) were compared with AC/CC carriers. ZNF804A gene expression was analyzed in a prefrontal region using postmortem tissue from another cohort of 35 patients. In patients, AA carriers exhibited significantly thicker cortex in prefrontal and temporal regions and less disturbed superior temporal cortical folding, whereas the opposite effect was observed in controls, ie, AA carrier status was associated with thinner cortex and more severe altered cortical folding. Along with this, our expression analysis revealed that the risk allele is associated with lower prefrontal ZNF804A expression in patients, whereas the opposite effect in controls has been observed by prior analyses. In conclusion, our analyses provide convergent support for the hypothesis that the schizophrenia-associated ZNF804A variant mediates protective effects on cortex structure in patients. In particular, the allele-specific expression profile in patients might constitute a molecular mechanism for the observed protective influence of ZNF804A on cortical thickness and folding and potentially other intermediate phenotypes.
Introduction
ZNF804A (rs1344706) was the first common genetic risk variant associated with schizophrenia and bipolar disorder on a genome-wide level. 1 Since the initial finding, an intensive exploration of its neurobiological underpinnings has begun. Genetic knockdown of ZNF804A in neural progenitor cells provided important clues to molecular mechanisms of the zinc finger protein 804A, suggesting a crucial role of ZNF804A in neural migration, neurite outgrowth, and synapse formation. 2 At a macroscopic level, imaging genetics revealed that ZNF804A influences prefrontomedial temporal connectivity in healthy controls, [3] [4] [5] reflecting a major intermediate phenotype of schizophrenia. 6 Moreover, in healthy controls, the genetic risk variant was associated with reduced gray matter volume of the parahippocampal gyrus, posterior cingulate,
533
ZNF804A and Cortical Structure in Schizophrenia and medial orbitofrontal gyrus 7 and reduced cortical thickness of the superior temporal, anterior, and posterior cingulate cortex. 8 Surprisingly, in patients, ZNF804A risk status was associated with increased cortical volume of the superior temporal gyrus, insula, and hippocampus. 9 At a behavioral level corresponding to this initial neuroimaging findings in schizophrenia, patients with ZNF804A risk carrier status, but not healthy controls, demonstrated better episodic and working memory performance in 2 large and independent samples including more than 500 cases and 1600 controls. 10 In contrast to the initial structural neuroimaging findings of Donohoe and colleagues, a large study of Wassink et al 11 demonstrated no effect of the ZNF804A risk genotype on global lobar gray matter volume (but an effect on white matter volume) in patients with schizophrenia and healthy controls. This discrepancy might in parts be explainable by methodical differences (eg, voxel based vs lobar level analysis).
Taken together, several aspects of ZNF804A effects in schizophrenia remain poorly understood. On the one hand, there is strong evidence that the genotype-cognitive phenotype relationship between patients with schizophrenia and healthy controls is indeed distinctive, ie, the ZNF804A risk allele has protective effects on cognitive measures in patients with schizophrenia but not controls. On the other hand, a distinctive effect on a neuroimaging phenotype has not yet been clearly demarcated. In particular, case-control studies, which might shed light on potentially distinctive genotype-phenotype relationships regarding ZNF804A, are rare and conflicting with regard to cortical volume findings.
Measures derived from cortical surface analysis, such as cortical thickness and folding, might be better suited markers to study such effects. 12 They are replicated as biomarkers of the disease [13] [14] [15] [16] [17] [18] [19] [20] and show robust heritability. 12, 21, 22 Furthermore, cortical thickness reduction demonstrates a clear association with cognitive performance deficits [23] [24] [25] [26] [27] and disturbed neuronal activation in schizophrenia. 28 On a molecular level, recent work made it most plausible that variation in ZNF804A indirectly increases schizophrenia risk through one of several possible transcriptional or downstream mechanisms. The risk allele A is expected to maintain binding sites for brainexpressed transcription factors MYT1 and POU3F1/ Oct-655, which are both implicated in neurodevelopmental processes, particularly differentiation and proliferation of oligodendrocytes. 29, 30 Chung et al 31 identified the mouse homologues of ZNF804A as a downstream target gene of Hoxc8. Binding of Hoxc8 to an intronic region of ZNF804A led to an upregulation of ZNF804A mRNA levels. Hoxc8 regulated genes are known to be involved in neurodevelopmental processes such as cell adhesion and migration, 32 providing further support for a potential role of ZNF804A in molecular mechanisms of brain development. As shown, knockdown of ZNF804A expression of neural progenitor cells derived from human cortical neuroepithelium leads to decreased expression of genes involved in cell adhesion, migration, and synapse formation. 2 First evidence for an effect of the ZNF804A single-nucleotide polymorphism (SNP) on cerebral gene expression was provided by the study of Riley et al, 33 demonstrating a trend for higher ZNF804A gene expression in postmortem prefrontal brain tissue of patients with schizophrenia and significantly higher expression depending on the risk allele counts in healthy controls. A recent study exploring the fetal brain expression suggests that ZNF804A exerts its disease-related effects mainly in prenatal stages, 34 indicating that imaging phenotypes with a strong linkage to neurodevelopment such as cortical thickness and folding 14, 35, 36 might represent sensitive markers for deviations of brain structure mediated by ZNF804A.
Thus, because it has repeatedly been shown that the ZNF804A SNP influences cerebral gene expression, differences of expression profiles in patients with schizophrenia and healthy controls might be one potential clue for distinctive genotype-phenotype interactions and putatively protective effects on cortical structure in patients.
Objectives and Hypothesis
The aim of our study was to assess the effects of ZNF804A rs1344706 in both in vivo imaging and postmortem gene expression, respectively, as follows:
1. Delineation of a valid neuroimaging phenotype for the detection of putatively distinctive effects of ZNF804A in a case-control design. 2. Characterization of a molecular mechanism underlying putatively distinctive effects of ZNF804A by investigation of postmortem ZNF804A gene expression of patients with schizophrenia as an extension of the results in healthy controls. 33 Thus, in the first part of the study, we investigated 2 intermediate phenotypes-cortical thickness and cortical folding-in a cohort of patients with schizophrenia and healthy controls genotyped for the ZNF804A (rs1344706). Based on the current data regarding ZNF804A associations with behavioral and neuroimaging phenotypes, we hypothesized that (1) risk carrier status in patients with schizophrenia is related to increased cortical thickness and lower cortical folding compared with nonrisk patients; (2) risk carrier status in healthy controls is associated with reduced cortical thickness and higher cortical folding; and (3) ZNF804A genotype is associated with a significant genotype × diagnosis interaction with regard to cortical thickness and folding in patients and healthy controls, indicating putatively differing genotype-intermediate phenotype relationships.
In the expression study, we performed ZNF804A allelic gene expression analysis in postmortem brains of patients with schizophrenia with the aim of revealing a molecular mechanism explaining putatively distinctive effects of ZNF804A.
Subjects and Methods

Participants
For the neuroimaging analysis, we studied 55 patients with schizophrenia and 40 healthy controls. All participants were right handed. 37 Diagnoses were established by a clinical psychiatrist (C.C.S.) based on the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) and were confirmed by 2 independent psychiatrists (R.G.M.S. and I.N.). All patients met DSM-IV criteria for schizophrenia and had no second psychiatric diagnosis. Of the 55 patients, 3 patients were unmedicated, 6 patients were medicated with typical antipsychotics (5 × haloperidol, 1 × flupentixol), and 46 patients were medicated with atypical antipsychotics (7 × amisulpride, 3 × aripiprazole, 8 × clozapine, 12 × olanzapine, 6 × quetiapine, and 10 × risperidone). There were no significant differences (P > .978) regarding the distribution of the type of medication (unmedicated, typical, and atypical antipsychotic) between the ZNF genotype groups (AC/CC vs AA).
Healthy controls were recruited by newspaper advertisement and blackboard ads.
Healthy volunteers were screened for major medical, neurological, and psychiatric history. None of the healthy subjects had a current or history of a psychiatric disorder or first-degree relatives with a psychiatric disorder according to DSM-IV. Exclusion criteria for all participants were neurological disease or damage and medical disorders potentially influencing neurocognitive function. All participants were Caucasian. All participants gave written informed consent to the study approved by the Ethics Committee of the Friedrich-Schiller University. Sociodemographic and psychopathological data are given in table 1.
For the allelic ZNF804A gene expression study, brain tissue of the dorsolateral prefrontal cortex of 35 patients was analyzed as described in Riley et al. 33 Postmortem brain tissue was provided by The Stanley Medical Research Institute. For characteristics of the sample and exclusion criteria, see Riley et al. 33 
Magnetic Resonance Imaging Acquisition
We acquired high-resolution anatomical T1-weighted scans on a 1.5 T Siemens Magnetom Vision whole-body system (for details, see online supplementary information).
Magnetic Resonance Scan Processing and Calculation of Cortical Thickness, Folding, and Area
We used the FreeSurfer software package (version 4.0.5, http://surfer.nmr.mgh.harvard.edu) for processing of images 38, 39 (for details, see online supplementary information). Cortical thickness is computed by finding the shortest distance between a given point on the estimated pial surface and the gray/white matter boundary and vice versa and averaging these 2 values. 41 As a highly local measure for cortical folding, absolute mean curvature has been used. 42, 43 This measure allows the exact in vivo quantification of cortical folding at about 300 000 points of the whole cortical mantle. Mean curvature has already been used in several studies in schizophrenia 13, [44] [45] [46] (for a detailed methodical description, see Schultz et al). 44 As a measure for cortical area, we post hoc computed vertex-by-vertex estimates of the relative areal expansion or contraction of each location in atlas space by using implemented FreeSurfer tools.
Genetic Analyses and Identification of Subgroups
Lymphocyte DNA was isolated from venous blood samples using standard methods. To target SNP rs1344706, a primer pair was designed. Amplicons were generated using standard polymerase chain reaction conditions. These were then sequenced using the Sanger method and a 3130XL Genetic Analyzer (Applied Biosystems). Electropherograms were analyzed by 2 independent investigators using SeqMan II (DNAStar).
Depending on the ZNF804A genotype, patients with schizophrenia and healthy controls were divided in subgroups resulting in 2 genotype subgroups per diagnostic group, ie, 2 × A/A and 2 × A/C and C/C, as done in previous ZNF804A imaging genetic studies. [7] [8] [9] There were no significant differences with regard to age and gender between the resulting genotype groups (P values > .510). There were no significant differences with regard to age and gender between the resulting genotype groups (P values > .510). Data expressed as mean (SD). P values resulting from 2-sample t test.
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Statistical Analysis Statistical Cortical Maps. Each cortical thickness and folding measurement of each vertex of the subjects' surface was mapped on a common spherical coordinate system using a spherical transformation. Maps were smoothed using a Gaussian kernel of 10 mm. A general linear model (GLM) controlling for the effect of age was used to estimate differences in cortical thickness and folding between the genotype groups in patients and healthy controls separately at each vertex of the surface.
We, furthermore, performed a genotype × diagnosis interaction analysis with the same 4 groups as defined for the comparisons of cortical thickness and folding between the genotype groups (HC:AA; HC:AC/CC; SZ:AA; SZ:AC/CC).
Right and left hemispheres were tested separately.
Monte Carlo Simulation and Clustering. For the imaging analysis, as a conservative procedure for the correction of multiple comparisons, a Monte Carlo simulation with 10 000 iterations and cluster analysis was performed to identify contiguous clusters of significant cortical thickness and folding differences between the genotype groups in patients and healthy controls and the genotype × diagnosis interaction analyses (P < .05).
Postmortem ZNF804A Allelic Gene Expression Analysis.
The expression values were binned by rs1344706 allele, and the means of the bins were compared using the unpaired t test with Welch's correction (for methodical details, see Riley et al 33 ). By ANOVA, we assessed the effect of potential confounder variables (age, gender, pH, postmortem interval, refrigerator interval, smoking, drug abuse, and antipsychotic medication).
Influence of ZNF804A on Cortical Thickness and Cognitive
Functioning. To test for a potential association of cognitive functioning and cortical thickness reduction related to the ZNF804A risk variant, we performed partial correlations controlling for the effect of age between the premorbid intelligence level and the mean cortical thickness values of the significant clusters, which result from the whole cortex diagnosis × genotype interaction analysis. Premorbid intelligence level was measured in subjects (n = 91) by the multiple choice vocabulary intelligence test, 47 which is a valid test for measuring the premorbid intelligence level.
Results
Cortical Thickness
ZNF804A homozygote risk carrier status (AA) demonstrated extensive effects on cortical thickness in patients. In comparison with patients with the AC/CC genotype, patients with AA genotype exhibited significantly (corrected for multiple comparisons) thicker cortex in left dorsolateral prefrontal, ventrolateral prefrontal, Broca's area, orbitofrontal, superior temporal, middle and inferior temporal regions and the inferior parietal cortex, medial superior frontal, and anterior medial temporal cortex. On the right hemisphere, risk carrier status affected dorsolateral prefrontal, inferior frontal, superior temporal, middle and inferior temporal, inferior parietal, lateral occipital, medial superior frontal cortices, and the parahippocampus (figure 1). Online supplementary table 2 summarizes the characteristics of the clusters (see online supplementary information).
To test for a potential influence of the current antipsychotic medication and cortical thickness, we performed a partial correlation between the mean cortical thickness values of the significant clusters and chlorpromazine equivalents (CPZE). There were no significant correlations (P < .05) between CPZE and cortical thickness, which is in line with our and other previous findings of antipsychotic medication and cortical thickness correlations in schizophrenia. 17, 48 In healthy controls, the AA carriers demonstrated no significant differences in cortical thickness in comparison with healthy AC/CC carriers.
To evaluate the effect of diagnostic group in these clusters, we extracted mean cortical thickness values of the significant clusters resulting from the genotype groups in patients as described in Schultz et al. 19 Direct comparison (GLM controlling for the effect of age) of cortical thickness values yielded significant left and right hemispheric frontotemporal cortical thinning in patients with schizophrenia (all P values < .0072). Focusing the comparisons on the ZNF804A risk patients (AA genotype), these differences were no more significant (P < .05), demonstrating the protective effect of the AA genotype on cortical thinning in patients.
The genotype × diagnosis interaction analysis demonstrated significantly divergent effects of genotype risk status between patients and controls on cortical thickness. This was significant for left and right hemispheric superior, middle and inferior temporal regions (see figure 2 and online supplementary table 3 for the cluster characteristics). To a smaller extent, right inferior frontal areas (pars opercularis; BA 44) were affected.
Cortical Folding
AA risk allele carriers in patients demonstrated significantly lower (P < .05, corrected for multiple comparisons) cortical folding in a right superior temporal region encompassing 577 mm 2 ( figure 3 ). No effects were found in healthy controls. In order to evaluate the effect of diagnostic group on cortical folding, we extracted the mean curvature values in patients and healthy controls. A GLM analysis of mean curvature values controlling for the effect of age showed significantly increased folding in patients in this superior temporal cluster (P < .026).
Again, comparing only the AA patients group and the whole healthy control group, this folding difference was not longer significant (P > .430), underlining the "protective" effect of ZNF804A homozygote A status on cortical folding in schizophrenia.
Furthermore, there was an opposite but not significant (P > .130) effect of the ZNF804A genotype on cortical folding in healthy controls, ie, AA vs AC/CC was associated with higher cortical folding.
The genotype × diagnosis analysis revealed a significant (P < .05, corrected for multiple comparisons) interaction in the left medial cortical surface covering parts of the precuneus.
Cortical Area
In patients, we found significantly (cluster-wise probability < .05) decreased cortical area in AA carriers in several regions, including left middle and superior temporal regions, left precentral and dorsolateral prefrontal areas, right dorsolateral prefrontal, inferior frontal, lateral, and occipital cortical areas. In controls, AA carriers showed decreased surface area in a left medial superior frontal area and smaller parts of the anterior cingulate cortex.
Allele-Specific Expression Analysis in Patients
The analysis revealed a significant difference in ZNF804A expression mediated by the risk allele A compared with the nonrisk C (P < .027). Presence of C led to significantly ZNF804A and Cortical Structure in Schizophrenia elevated expression levels compared with A, ie, the schizophrenia-associated allele is associated with significantly lower ZNF804A gene expression in the prefrontal cortex of patients with schizophrenia (for illustration, see bar diagram of figure 4) .
The observed differences in allelic-specific gene expression was not due to potential confounder variables (age, gender, pH, postmortem interval, refrigerator interval, smoking and drug abuse, and fluphenazine units) as assessed by the ANOVA (F ratio: 2.052, P value > .108).
Influence of ZNF804A on Cortical Thickness and Cognitive Functioning
We found significantly positive correlations between the premorbid intelligence level and cortical thickness for left superior, middle, and inferior temporal regions (r = .234, P < .027 for the left posterior middle temporal cluster and r = .258, P < .014 for the left superior-middle-inferior temporal cluster) in patients and controls. Testing patients and controls separately did not yield significant results.
Discussion
Our study has 3 main findings:
(1) We demonstrate first evidence for an extensive influence of ZNF804A risk status on prefrontotemporal cortical thickness in schizophrenia. Our data clearly indicate that the risk allele is associated with relatively intact cortical thickness in patients with schizophrenia.
Furthermore, at a whole-brain level, we could demonstrate that the effect of the genotype on cortical thickness significantly differs between patients and healthy controls, ie, in healthy controls, the AA genotype is associated with reduced cortical thickness compared with AC/CC carriers. This opposite effect in patients has been uncovered for bihemispherical temporal brain regions and right ventrolateral prefrontal regions.
ZNF804A (SZ)
(2) Our study revealed new evidence that ZNF804A risk allele carrier status influences local cortical folding of the superior temporal cortex in patients.
Furthermore, differential effects on cortical folding of the left precuneus were found for patients and healthy controls.
It is of note that direct comparisons of cortical thickness and folding of the affected prefrontotemporal cortical clusters between patients and healthy controls revealed significant prefrontotemporal cortical thinning and disturbed superior temporal cortical folding in patients, which is in line with prior studies. 14, 15, 17, 18 However, for both neuroanatomical measures, excluding nonrisk patients and comparing risk patients and healthy controls only, the differences of thickness and folding were not longer significant, implicating a protective role of ZNF804A risk status in patients.
(3) Along with this, our data show that ZNF804A gene expression is significantly lower with an increasing number of risk alleles in the prefrontal cortex of patients, which might constitute a molecular clue for the observed protective effects on cortical structure in patients. In healthy controls, the opposite effect has recently been described, 33 ie, ZNF804A gene expression is significantly higher with an increasing number of risk alleles.
Thus, the expression profile of ZNF804A appears to be distinctive between patients and healthy controls. It seems plausible that distinctive gene expression profile constitutes one molecular clue for the observed distinctive effect of ZNF804A on the cortical thickness and folding.
Cortical Thickness and ZNF804A
It is important to note that case-control studies investigating the influence of ZNF804A on cortical structure are rare but mandatory for the exploration of potential nonuniform effects of a risk genotype on brain structure between diagnostic groups. To date, only the study of Donohoe et al 9 has demonstrated an impact of ZNF804A on gray matter structure in a case-control design. They showed relatively intact gray matter volume in lateral superior temporal and medial temporal regions in patients with the AA genotype. Our data showing extensive effects of the risk genotype on prefrontotemporal regions in patients and a divergent effect of the genotype between the diagnostic groups on a whole-brain level extend and corroborate these initial findings. Voineskos et al 8 found significantly cortical thinning for the AA group in left superior temporal gyrus, left posterior cingulate cortex, and right anterior cingulate cortex in healthy controls.
In our genotype × diagnosis interaction, we found cortical thinning in controls in a cortical region very similarly to the superior temporal cortex finding of Voineskos et al. Thus, our data at least partly confirm the findings of Voineskos et al.
In a recent study of Bergmann et al, 49 the authors did not find an effect of ZNF804A on cortical thickness in patients with schizophrenia and healthy controls, which is in contrast to previous findings in healthy controls 8 and for cortical volume in patients with schizophrenia. 9 This discrepancy might mostly be due to the fact that Bergmann et al performed a regression analysis evaluating the effect of heterozygote, and major and minor homozygote alleles instead of grouping and comparing the genotype groups as done in the previous studies and our study. Because the effect of ZNF804A on cortical structure is mainly driven by the impact of the AA risk genotype, it is well explainable that this regressor model is, thus, not sensitive for detecting the effects of ZNF804A on cortical structure.
Cortical Folding and ZNF804A
Our study provides novel evidence that ZNF804A influences local cortical folding in schizophrenia. The affected superior temporal region is relevant for important pathophysiological processes in schizophrenia such as auditory processing 50, 51 and working memory function. 25 Furthermore, the comparisons of cortical folding of this region between patients and healthy controls revealed local hypergyria in patients. Our finding of hypergyria is consistent with our and other previous results of increased cortical folding in schizophrenia. 44, 45, [52] [53] [54] However, in vivo local cortical folding has less intensively been explored compared with cortical thickness in schizophrenia and findings are heterogeneous showing hypo-and hypergyria, [55] [56] [57] which makes the interpretation of results more complex. Mechanical models of brain development propose a close linkage of forming of corticocortical connections and cortical folding, 58 and animal experiments demonstrated that early disruption of fiber pathways leads to local hypergyria. 59 Recently, Dauvermann et al 60 proposed that increased cortical folding may be related to increased local short range connectivity and reduced long range connectivity in subjects at high risk for schizophrenia using magnetic resonance imaging functional connectivity and cortical folding analysis. Taken together, disturbed cortical folding in schizophrenia might indicate an early disruption of brain development. Thus, based on our presented data, it can be argued that that ZNF804A risk status might attenuate neurodevelopmental cortical folding disturbance in schizophrenia.
Influence of ZNF804A on Cortical Thickness and Cognitive Functioning
We found a correlation of the premorbid intelligence level and cortical thickness in regions where the ZNF804A risk variant show significantly differing effects on cortical ZNF804A and Cortical Structure in Schizophrenia thickness: ie, AA carriers in controls show a reduction of cortical thickness compared with AC/CC carriers; AA carriers in patients show a thicker cortex compared with AC/CC carriers (see also bar diagram in figure 3 ). Thus, this finding implicates that thicker cortex associated with the ZNF804A risk variant in patients is indeed associated with higher premorbid intelligence. Hence, our data might be interpreted in terms of a "protective" effect of the ZNF804A risk variant in patients on both premorbid intelligence and cortical thickness.
However, we are aware that it is only one cognitive measure showing this association, and further studies using more comprehensive test batteries are necessary to confirm this finding.
Potential Molecular Mechanism for Protective Effects of the ZNF804A on Neuroimaging Phenotypes in Schizophrenia
Strong evidence for protective effects of the ZNF804A risk genotype was provided by the study of Walters et al, 10 showing in a large cohort that the risk allele A is associated with better cognitive performance in memory domains of patients. Hitherto, the molecular mechanism underlying the observed protective effect of ZNF804A has remained unclear. In the present study, we demonstrate that in patients, an increasing number of risk alleles is associated with lower gene expression, which might constitute a molecular clue for the protective effects of the schizophrenia-associated risk allele A on cortical structure in patients. Together with the prior findings in healthy controls 33 -ie, higher gene expression is associated with an increasing number of risk alleles-the present finding indicates that the ZNF804A gene expression profile differs between patients and healthy individuals in terms of an opposite effect of the risk allele. Our findings give reason to assume that differing ZNF804A gene expression profiles between patients and healthy controls might be one molecular clue for distinctive ZNF804A genotype-phenotype relationships.
Interestingly, a recent study exploring the postmortem ZNF804A brain expression of nonpsychiatric individuals demonstrated an effect of the ZNF804A SNP in the second trimester fetal brain but not in the adult brain. Here, an increasing number of risk alleles was associated with decreasing ZNF804A gene expression. 34 These data suggest that ZNF804A exerts its effects on disease susceptibility in prenatal stages, which might be an explanation for our observation that imaging phenotypes with a strong linkage to brain development such as cortical thickness and folding 14, 35, 36 constitute sensitive markers for deviations of the cortical structure mediated by ZNF804A. However, the study of Williams et al 61 did not find a per se effect of rs1344706 on gene expression in the adult brain. The existing evidence for ZNF804A allelic cortical gene expression in the adult human brain is limited and conflicting. This is possibly related to methodological differences and sample composition.
Thus, to overcome these heterogeneities, further explorations on ZNF804A allelic gene expression including larger cohorts are needed.
Furthermore, it is of note that our gene expression analysis is restricted to the prefrontal cortex. Thus, it cannot been generalized that ZNF804A gene expression acts in the same way in other cortical regions underlining the need for further gene expression studies covering other cortical regions.
The ZNF804A risk variant appears to result in different phenotypes among patients and controls. This has been demonstrated for cognitive performance, 10 cortical volume, 9 and, by our data, for cortical thickness and folding. Furthermore, we showed that an increasing number of risk alleles is associated with a reduction of ZNF804A gene expression, whereas it is vice versa in controls. 33 Interestingly, Prata et al 62 found an opposite effect of the COMT Val158Met polymorphism on neuronal activity among patients with schizophrenia and controls. In a follow-up study, they demonstrated that COMT and DAT genes polymorphism interact nonadditively to modulate cortical function during executive processing, and also, that this effect significantly differed in schizophrenia, which might explain the opposite effects of the COMT SNP on neuronal activation among patients and controls. Thus, opposite effects of the ZNF804A risk allele on cortical structure might be explainable by such gene × gene interactions. Hence, it seems plausible that the ZNF804A SNP is in conjunction with interacting upstream genetic polymorphism functional.
Moreover, the phenomenon of different phenotypes associated with a genetic polymorphism-genetic pleiotropism-has been shown in human complex diseases and traits 63 including psychiatric diseases (eg, COMT SNP Val158Met 62 ). 64 However, the molecular mechanisms underlying pleiotropic effects remain unclear. Differences in the genetic background and differing epistatic interactions might be one explanation. Differing epistatic interactions might result in differing gene expression profiles. Our data suggest that the ZNF804A gene expression differs between patients and controls, which might be due to differences of epistatic interactions based on differing genetic backgrounds among patients and healthy controls.
However, this interpretation remains speculative, and further studies, particularly molecular studies, on this issue are warranted.
We found reduced cortical area in association with the AA genotype in patients as well as in healthy controls. Point-by-point estimations of cortical area have rarely been done in psychosis research. Available studies showed cortical surface contraction in patients with schizophrenia. 65, 66 Thus, our finding of ZNF804A associated cortical surface contraction implicates a role of ZNF804A in this neurobiological feature of schizophrenia. Together with our results regarding ZNF804A associated changes of cortical thickness and folding, this finding gives further support for the hypothesis that ZNF804A might have pleiotropic effects on cortex architecture.
Conclusions
In conclusion, our analyses provide convergent support for the hypothesis that the schizophrenia-associated ZNF804A risk variant mediates protective effects on cortex structure in patients. In particular, the allele-specific expression profile in patients might constitute a molecular mechanism for the observed protective influence of ZNF804A on cortical thickness and folding and potentially other intermediate phenotypes.
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